Understanding of ion generation in air provides insights to several applications, such as gas sensors, electrohydrodynamic pumping, and air purification. In this paper, ion generation processes in atmospheric air are simulated using a particle-in-cell and Monte Carlo method with emphasis on the prediction of ion generation and breakdown characteristics in microscale gaps. The simulation results are validated through comparison to Townsend's discharge theory and experiments. The significance of each relevant electron-molecule reaction is characterized to improve understanding of ion generation dynamics. Self-sustaining discharge and ionization are predicted under sufficient voltage bias, and the predicted trends of breakdown voltage are similar to those obtained from Paschen's curve. Corrections to Paschen's curve in microscale gaps also are identified and compare well to experiments. Electron field emission produces stable electron current that suggests a controllable ionization device without external electron injection sources.
the miniaturization of devices continues into micron and submicron regimes, modern applications and concerns have rekindled the interest in the study of microscale gas discharges. Some recently proposed devices such as the gas sensor of Modi et al. 4 and the electronic-cooling pump of Schlitz et al. 5 employ small gaps either to enhance ionization current or to reduce threshold voltage. Several recent experiments 6, 7 reveal unique characteristics of microscale discharges as compared to large-scale discharges. Slade and Taylor 8 indicate that these deviations are related to field emission caused by extremely high electric fields in microscale gaps. In this paper, particle-based numerical simulation methods are employed to study ion generation and breakdown in atmospheric air between closely and widely spaced electrodes.
The simulation results show good agreement with prior experimental results. 6 Several processes occurring within a gaseous medium or at electrodes have been identified since research on gaseous ion generation and ionic breakdown was initiated by Townsend 9 in the beginning of the last century. The ␣ process involves electron impact ionization. With sufficient energy gained between successive collisions, a free electron can liberate one or more valence electrons from a neutral molecule, resulting in a positive ion and one or more extra free electrons. These free electrons can ionize other molecules and liberate more electrons under favorable conditions. The ␥ process involves secondary electron emission from the cathode surface by various processes such as positive-ion bombardment. An ion strikes the cathode surface with high kinetic energy, causing an electron to be released. The combined effect of the ␣ and ␥ processes is an overexponential growth in the number of charge carriers and the consequent ionic breakdown of the medium. Large-scale gas discharge and breakdown have been studied for many years. Sanders 10 measured Townsend's first ionization coefficient ͑␣͒ in air. More recently, Chung et al. 11 and Smith et al. 12 have studied gas discharge and breakdown with radio frequency excitation, and ionization coefficients have been reported for other gases and gas mixtures (e.g., helium and tetrakis-dimethylaminoethylene, 13 argon, and carbon dioxide 14 
).
Another important cathode process is field emission, which refers to electron emission from a solid surface subjected to a high electric field. As the electrode gap spacing shrinks to the micron range, the local electric field under moderate voltage can exceed a threshold, and electron field emission can become a major electron source near the cathode surface. The anode electron current is enhanced by the addition of field-emitted electrons as well as the electrons that they liberate within the gap. The theory of field emission was first established by Fowler and Nordheim, 15 and later Good and Müller 16 provided a comprehensive review of the theory from first principles. To date, most gas discharge studies have considered large gaps with low-pressure conditions relevant to industrial plasma processing 17 where field emission is negligible. A comprehensive physics-based particle model to simulate both electron field emission and the ensuing ionization processes in the microscale regime has not yet been reported. The present work employs Fowler-Nordheim theory for field emission simulation and applies particle-incell and Monte Carlo (PIC-MC) techniques to simulate ion generation in atmospheric air and thus to predict ionization coefficients, discharge current, and breakdown voltage between two parallel plates.
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The nonequilibrium nature and small length scales of interest require subcontinuum methods to simulate the relevant physical phenomena. 18 Continuum fluid mechanics approaches fail at these scales because of the local inequilibrium that exists when the system's characteristic length is of the same order as the carriers' mean free path. (The mean free path of an electron in atmospheric air is Ϸ0.5 m.
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) The particle simulation technique also reveals significant kinetics details, such as average collision energy for each reaction, that typically are not available from continuum methods. The Monte Carlo approach has proven to be successful in simulating rarefied gas flows, such as those found in ion thrusters for space propulsion, 19 and has been coupled with particlein-cell (PIC) methods successfully to simulate charged particle transport in plasma and radio frequency discharge phenomena. 20 Crucial inputs for PIC-MC simulation are the scattering cross sections of relevant collisions. The ionization cross sections of oxygen and nitrogen were first reported by Rapp and Englander-Golden, 21, 22 and their work continues to be cited regularly. Straub et al. 23 recently presented ionization cross sections for different ionization channels that enable differentiation of the contributions of single and multiple ionization events. Itikawa et al. 24, 25 collected cross-section data between electrons and nitrogen and oxygen molecules. The most detailed reviews of electron-molecule elastic and excitation scattering cross sections can be found in recent publications by Morgan 26 and Brunger and Buckman. 27 Of particular relevance to the present work are a few recent reports of gas sensors and gas counters. Modi et al. 4 observed significant changes in breakdown behavior for particular gases (Ar and NH 3 ) at volume concentrations above 1%, and a gas sensor based on changes in breakdown voltage caused by trace species is suggested. The gas gain in argonbased gas counters 28, 29 is shown to depend only on the partial pressure of the admixture and exhibits an overexponential relationship with applied voltage. The efficacy of such gas ionization devices will depend on the understanding of molecular kinetics to enable effective filtering of signal noise, and the approach outlined in the present work is capable of including such information and modeling the effects of trace species concentrations.
This paper describes relevant physics of particle-based simulation of ion-generation processes in air within large and small gaps. The model is general and can be used with other gas species and mixtures, although we consider only air in this paper. Ion-generation types and rates are considered as functions of electron kinetic energies and scattering cross sections. Ionization coefficients are calculated and agree well with available experimental data. Breakdown voltages for a variety of gap spacings are obtained and reveal a deviation from the traditional Paschen's curve, and this deviation has been observed in prior experiments. 6, 7 The computations also demonstrate that a stable electron current is possible in small gaps without external excitation sources.
II. THEORY AND IMPLEMENTATION
The basic idea of PIC-MC is to use many simulated ("super") particles to represent a much larger number of real particles and to move the particles self-consistently. Simulated particles move subject to applied and space-chargeinduced fields and collide with other particles or boundaries. These collisions are tracked in a Monte Carlo scheme in which the free-flight and collision steps are treated separately. The emitted electrons travel ballistically first, followed by instantaneous binary collisions with target species or boundaries. Meanwhile, the spatial information of charged particles is recorded to calculate the electric field by solving Poisson's equation. Implementation details of the PIC-MC method have been described by Vahedi and Surendra 20 and Birdsall and Langdon, 30 and thus are not repeated here. In the present study air molecules, assumed to be comprised of nitrogen and oxygen only, are regarded as background species and their number densities n t are assumed to be constants. The actual number of possible reaction types between air molecules and electrons is so large that any comprehensive accounting of all would be impractical. The major electron-neutral molecule impact reactions, shown below in Eqs. (1)- (5), are modeled with cross sections available in the literature: 23, 26, 31 e + X 2 → e + X 2 ͑elastic, X = O or N͒, ͑1͒
The total number of reactions accounted in this work is 45. Each reaction is assigned an index number from 1 to 45, and the maximum cross section ͑ max ͒ and threshold energy ͑E threshold ͒ for each reaction are listed in Tables I and II . The complete reaction cross sections can be found in the cited Refs. 23, 26, and 31-33. Equation (1) involves an elastic collision in which electron and neutral molecules exchange momentum only (reactions 1 and 28). Elastic collisions have the largest cross sections in the lower energy range (shown in Figs. 1 and 2 ). Although not directly associated with ionization, elastic collisions can alter the electron energy distribution and thus affect the number of electrons possessing energy above the ionization threshold energy. Equation (2) represents many different excitation reactions with different excitation energies. The present simulation includes one rotational excitation reaction each for oxygen and nitrogen (reactions 2 and 30), nine vibrational excitation reactions for nitrogen and six for oxygen (reactions 3-11 and 31-36), and thirteen electronic excitation reactions for nitrogen and six for oxygen (reactions 12-24 and 37-42).
Equations (3) and (4) represent single and double ionization reactions in which an incident electron liberates one or two valence electrons from a molecule and forms an ion. Depending on the energy, ionization can be nondissociative or dissociative, i.e., the final ion products can be of either The ions are tracked in the Monte Carlo scheme once they are generated. Only elastic and charge-transfer collisions between ions and molecules, the two most probable types of reactions, 34 are accounted. Because ion-molecule cross sections are not readily available, constant cross sections ͑1 ϫ 10 −18 m 2 ͒ were assumed with a hard-sphere collision model. 20 In the analysis of gas discharges, cathode secondary processes play a pivotal role. When sufficiently energetic ions strike the cathode surface, electrons are liberated, accelerated by the electric field, and collide with neutral molecules, thus freeing more electrons and creating more ions. This positive feedback process eventually causes breakdown in large gaps and creates sparks and arcs. To simplify our analysis, we use a constant secondary emission coefficient ␥ = 0.01, neglecting possible dependence of ␥ on incident ion velocity and cathode surface properties for different electrode materials. 35 Field emission from the cathode is also included in the present simulations. The phenomenon of field emission from a cold metallic surface occurs as a result of quantum mechanical tunneling of electrons through a surface potential barrier. From Fowler-Nordheim theory, 15 the equation relating the surface current density j ͑A cm −2 ͒ to the applied electric field F ͑V cm −1 ͒ and cathode work function ͑eV͒ is
͑6͒
In the foregoing equation, ␤ represents the enhancement factor for the local surface electric field caused by surface geometry, as compared to the electric field of a perfectly flat surface with the same applied voltage and gap width. The terms A and B are Fowler-Nordheim constants. 16 The functions t͑y͒, v͑y͒, and y can be approximated as
Once the surface electric field is obtained from the particlein-cell simulation, Eq. (6) is used to determine the fieldemission current density at the cathode. In the computational implementation, each emitted electron is assigned a minimal initial energy, and its position is randomly selected over the cathode surface. Object-oriented programming has been employed in particle simulations 37 for many years and offers great coding flexibility and reusability. The present object-oriented code is written to simulate air ionization between two closely spaced parallel electrodes. It is assumed that no other external electron sources exist during the course of simulation, except for field emission and secondary emission. The "1d3v" PIC-MC algorithm by Vahedi and Surendra 20 was adopted, neglecting the electric field in the lateral directions. Electrons and generated ions are tracked until they reach a boundary. The anode electron current is recorded by counting the electrons arriving at the anode per unit time. Consistency tests indicate that the numerical results do not depend on the discrete time step ⌬t as long as the requirements prescribed in Ref. 20 are satisfied, i.e., electrons move no more than a single grid length in one time step, and the total collision probability for ЉbЉ represents a neutral molecule, Љ᭺Љ represents an ion, and Љ·Љ represents an electron.
any particle in one time step is smaller than 0.095. A schematic diagram of the parallel-electrode problem under consideration is shown in Fig. 3 .
III. RESULTS AND DISCUSSION
In order to verify the integrity of the present code, Townsend's first ionization coefficient ␣ is calculated for different electric-field-to-pressure ratios. The method described by Nasser 38 is used to determine ␣. A set of simulations was conducted with equivalent electric fields but different gap widths, assuming a null value for ␥. The natural logarithms of anode-cathode current ratio are then plotted against gap widths. The obtained data can be fit to a straight line whose slope represents the value of ␣. An example result is plotted in Fig. 4 to illustrate this approach, and ␣ is shown to be 1.38 cm −1 for an electric field of 133 V cm −1 and a pressure of 0.95 mm Hg. The ␣ results are compared to the experimental results 10 in Fig. 5 . Close agreement between the simulation and experiments is observed over the entire range of electric fields. Importantly, these results were obtained without the use of any adjustable parameters. We also note that in preliminary simulations including only elastic and single ionization collisions (reactions 1, 25, 28, and 43), the predicted ionization coefficients for these conditions disagreed with experimental values twofold to fourfold, suggesting that inclusion of excitation collisions is critical in describing the physics of breakdown. Figure 6 shows field emission current density j as a function of applied electric field F, based on Eq. (6). A work function ͑͒ of 5.15 eV is assumed for nickel, 39 and the field enhancement factor ͑␤͒ is 55, which lies in the normal range for metallic materials. 16 The field emission current density can become comparable to typical discharge current densities at relatively small applied voltages for very small gaps. Consequently, corrections to Paschen's curve for small gaps are required, as discussed later.
With an initial injection of electrons, three different behaviors are considered, namely, "blow-up" (case 1), "stable" (case 2), and "die-off" (case 3), depending on the applied voltage and gap width. The input parameters for each are listed in Table III . The anode electron current serves as the metric to define breakdown. Figure 7 shows the evolution of anode current with time. The anode electron current can increase rapidly, subside, or remain nearly constant depending on the applied voltages and gap widths. If the generation of secondary emitted electrons is large enough to offset the loss of electrons at boundaries, then the electron population grows boundlessly and eventually blows up, as in case 1. On the other hand, if ␥ is too small or the gap is too small, then secondary electrons cannot compensate for electron loss at boundaries, and the electron population dies off as in case 3. However, for very small gaps, field emission can maintain a sufficient electron population and anode current. The nearly constant anode current in case 2, in which field emission electrons are the major source, suggests that a stable discharge and a steadfast ion source is possible without external excitation. We also note that blow up does not occur in the field-emission-dominated regime considered. To adopt a consistent definition of breakdown in both short gaps and long gaps, breakdown is defined here such that the anode current exceeds 5 mA, following the definition employed by Dhariwal et al. 2 The active cathode emission area is estimated using the method proposed by Zhu et al. Normalized numbers of reaction events, indicating the relative strength for each reaction, are plotted in Fig. 8 for a typical case at time t = 1.03 ns (applied bias= 450 V, gap =15 m). The plot shows the normalized number of events, corresponding to the number of the reactions divided by the total number of reaction events for nitrogen or oxygen, respectively. Elastic reactions occur most frequently because of their large cross sections. They account for 75% of all nitrogen reaction events and 81% of all oxygen events. Aside from elastic collisions, two electronic excitations (reactions 24 and 41) and four ionization events (reactions 25, 26, 43, and 44) occur more frequently than the rest. Among several ionization reactions, single ionization events dominate.
The average electron energy for each reaction also depends on the collision cross section and is plotted in Fig. 9 . The average energies for single ionization are 47 eV for both nitrogen and oxygen as they possess similar single ionization cross sections. High thresholds for double ionization and atomic ionization result from obvious difficulties to liberate two electrons or break intermolecular bond in a single collision. Consequently, the average energies for double molecular ionization and single atomic ionization are much higher than those of single ionization. The average energy for ionization collision is approximately 50 eV for both nitrogen and oxygen. This quantity can be used to estimate the mean free path for ionization collisions. Assuming that an electron gains energy linearly from the electric field and that the bias is 450 V, it will experience, on average, nine collisions ͑450/ 50͒ during its path length of approximately 15 m. Then its mean free path for ionization, by definition, is 15/ 9 = 1.7 m. This approximation is of the expected order of magnitude but should be used with care because mean free path is a strong function of the electron energy distribution, which varies considerably in different scenarios.
Paschen's curve reflects the relationship between breakdown voltage ͑V B ͒ and the product of pressure and gap distance. It is used extensively to determine the breakdown limit in electrical design. Paschen's curve 38 is redrawn in In order to verify this hypothesis, we conducted a series of numerical simulations and reproduced the breakdown voltage curves for microscale gaps. The results are plotted in Fig. 10 , which shows that the simulated data deviate as expected at the lower range of gap width. This result confirms that field emission is the likely reason for the correction to Paschen's curve. When the gap is larger than 7.5 m, field emission current becomes negligible and the curve reverts to the typical large-gap trend. Small discrepancies between simulated and experimental results for large gaps are likely caused by two factors. First, the experiments were conducted with curved electrode configurations, which can be approximated by a parallel-plate configuration only for small gaps. Second, the secondary emission process was simplified in the simulation and the energy dependence of ␥ was neglected. Nevertheless, the agreement remains reasonable over the entire range of gap widths. 
IV. CONCLUSIONS
The PIC-MC method has been used to simulate atmospheric air ionization in microscale gaps, in which field emission can occur. The numerically obtained Townsend's first coefficient agrees well with experimental data. The experimentally observed deviation from Paschen's curve for microscale gaps can be explained by the presence of field emission, and as expected, the field emission effect vanishes for larger gaps. The method can be easily extended to a variety of gases and gas mixtures. For example, the sensitivity and selectivity of the ionization gas sensor proposed by Modi et al. 4 can be rigorously predicted using the framework of the current research. Further work will focus on combining the ion-generation simulation with detailed field emission models to provide insights into gas discharges near nanoscale material surfaces and the effects of trace gases.
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